Resveratrol (RSV) has various pharmacological effects; however, few studies have directly addressed the possible antifatigue effects of long-term endurance exercise. The clinical use of RSV is limited by its poor water solubility and extremely short plasma half-life. Solid lipid nanoparticles (SLNs) are considered as reasonable drug delivery systems to overcome some of these drawbacks and expand its applications. In this study, RSV-SLNs were successfully prepared through emulsification and low-temperature solidification. Results showed that RSV-SLN supplementation effectively enhanced endurance performance. RSV-SLN supplementation might enhance mitochondrial function by ameliorating mitochondrial quality control (QC), which was superior to RSV application. These results revealed an unexpected role of RSV-SLN compared with RSV in terms of linking nutrient deprivation to mitochondrial oxidant production through mitochondrial QC. A mitochondrion-mediated pathway was likely involved in RSV-SLN, thereby improving endurance performance. Overall, this study highlighted new possibilities for anti-physical-fatigue strategies.
Introduction
Physical fatigue and mental fatigue are two main aspects of fatigue. Physical fatigue is often accompanied by the deterioration of physical function [1] . Exhaustive exercise-induced mitochondrial dysfunction may result in physical fatigue [2] . Mitochondrial nutrients protect organelles from chronic and repeated exercise or excessive fatigue-induced damage and maintain metabolic homeostasis. Therefore, scientists are actively exploring natural products to reduce oxidative damage caused by exercise and fight against physical fatigue [3] . Resveratrol (3-5-4 -trihydroxy-trans-stilbene, RSV), a polyphenol compound, has various pharmacological effects, including improvement of mitochondrial function, prevention of obesity and obesity-related diseases [4] , suppression of inflammation [5] , and protection against oxidative stress [6] . However, to our knowledge, few studies have directly addressed the possible anti-physical-fatigue effects of RSV. The pharmacokinetic properties of RSV are less favorable because of the poor water solubility of RSV. Beyond that, RSV metabolism is rapid and extensive [7] , and its plasma half-life is short [8] . A reasonable strategy is needed to propose and For TEM, 5 mL of each sample was placed on carbon formvar-coated 400-mesh spacing grids, left to become adsorbed for 5 min, negatively stained with 2% sodium phosphotungstate for 45 s, and allowed to dry. The grid was visualized by using a JEM 1400 electron microscope (JEOL-1230, Tokyo, Japan) at 80 kV. For the SEM, the samples were coated with aurum for 6 min using an Ion Sputter (JFC-1100, JEOL Ltd, Tokyo, Japan), and the thickness of cladding material was thinner than 20 nm. Finally, after vacuuming, the shape and surface morphology of the samples were observed under S-4800 (Hitachi, Tokyo, Japan) scanning electron microscopes at an accelerating voltage of 20 kV. The magnification of the SEM images was 10,000×. The particle size and the zeta potential were determined at 25 • C by photon correlation spectroscopy (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK). For each sample, the measurements were repeated thrice.
X-Ray Powder Diffraction (XRD) Analysis
X-ray diffraction (XRD) patterns of pure RSV, RSV-SLN, and SLN were performed in order to characterize their crystallographic structure. The patterns were carried out with 'X' pert PRO, PANalytical instrument (Westborough, MA, USA), using Cu-Ka rays with a voltage of 40 kV and a current of 30 mA, over the 2θranges 5-60 • , with a step width 0.05 • and a scan time of 2.0 s per step.
Fourier-Transform Infrared (FTIR) Spectra of RSV-SLNs
FTIR spectra were obtained on a CARY 50 spectrophotometer. Potassium bromide disc technique was employed to obtain the FTIR spectra of RSV, SLN-RSV, and SLN by the standard KBr disk method (sample/KBr = 1/100). The samples were ground gently with anhydrous KBr and compressed to form pellets. The spectrum was recorded in the range of 500-4000 cm −1 using TEN-SOR27(Bruker Co., Ettlingen, Germany).
Animals
Eight-week-old male C57BL/6J mice were purchased from Shanghai Laboratory Animal Research Center (SLAC, Shanghai, China) and kept in a controlled environment (12 h/12 h light/dark cycle, 08:00-20:00, temperature: 23 ± 2 • C, humidity: 60% ± 5%). They were randomly divided into four groups 1 week after acclimatization: (1) sedentary control group (SC; n = 6); (2) endurance exercise (EE; n = 6); (3) endurance exercise combined resveratrol supplementation (EE + RSV; n = 6); and (4) endurance exercise combined with RSV-SLN supplementation (EE + RSV-SLN; n = 6). During the whole experiment, all the mice had free access to purified water and food and were weighed weekly. RSV and RSV-SLN were administered orally in EE + RSV group and EE + RSV-SLN group, respectively. RSV was administered at a dose of 25 mg/kg [4] . The amount of RSV-SLN was adjusted to be equal to that of the RSV treatment group. The SC and EE groups were performed with physiological saline solution as vehicle. Each treatment was administered once a day for 6 days/week for 8 weeks and performed 1 h before exercise. All the animal experimental protocols in this study were approved by the Animal Care and Use Committee of Shanghai Model Biology Research Center (Approval number SRCMO-IACUC No. 20140002).
Exercise Protocol
The whole training process was conducted on a motor treadmill (Jiangsu Saiangsi Biologic Technology Co., Jiangsu, China). After acclimating for 1 week, the mice exercised at low-moderate intensity for 8 weeks (speed initially at 10 m/min, 120 min per day), and the speed was gradually increased to 20 m/min until exhaustion. The exhaustive distance of the mice in each group was recorded. The mice in the control group were exposed to noise and handling, which were similar to those in the EE group, the EE + RSV group, and the EE + RSV-SLN group, to regulate exercise-associated stress.
Indirect Calorimetry
Indirect calorimetry was administered by computer-controlled automatic systems (Oxymax/ CLAMS-SC, Comprehensive Lab Animal Monitoring System, Columbus Instruments). The mice were tested in separate chambers to provide free water and ad libitum access to food. The velocity of indoor air passing through the chamber was 0.5 L/min. The exhaust gas of the combustion chamber was sampled for 1 min at an interval of 12 min. Oxygen consumption and carbon dioxide production were estimated using O 2 and CO 2 sensors. Respiratory exchange rate (RER) was measured in terms of the volume of oxygen consumption and carbon dioxide production (VO 2 = ViO 2 i − VoO 2 o; VCO 2 = VoCO 2 o − ViCO 2 i; RER = VCO 2 /VO 2 ) [17] . Measurements were collected immediately after the endurance exercise challenge for 2 days.
Tissue Sampling
At the end of each manipulation, all the mice were subjected to fasting overnight and anesthetized by intraperitoneally injecting 2% sodium pentobarbital (6.5 mg/100 g body weight). The gastrocnemius (GAS) muscle tissues were completely excised and weighed individually. A portion of the GAS muscle tissue was kept for TEM or homogenized immediately to determine mitochondrial respiratory chain enzymes. The remaining portions were stored at −80 • C until further analysis.
Ultrastructural Changes of Skeletal Muscle Tissues
The cross-sectional GAS muscle tissues were immobilized in a fixed buffer (2% glutaraldehyde, 0.1 M sodium cacodylate, 0.5% polyformaldehyde, 3 mM CaCl 2 , and 0.1 M sucrose) for 4 h at 4 • C, rinsed in PBS three times for 15 min at each time, dehydrated in ethanol, then acetone, and inserted in LX-112 (Ladd, Burlington, VT, USA). The tissues were then cut into 60-80 nm sections. The slides were stained by double staining with uranium lead (2% uranyl acetate and lead citrate saturated aqueous solution) and examined at 80 kV by using a Tecnai 10 TEM (TECNAI G2 F20 S-TWIN, FEI, Oregon, USA). Digital images were captured with cameras (Olympus Soft Imaging Solutions, GmbH, Munster, Germany).
Mitochondrial Respiratory Chain Enzyme Assays
Citrate synthase (CS) activity, cytochrome (Cyt) c content, and adenosine triphosphatase (ATPase) activity in skeletal muscle were measured using the corresponding microplate assay kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) in accordance with the manufacturers' instructions. Absorbance was recorded with a TECAN microplate reader (TECAN, Sunrise, Mannedorf, Switzerland).
Mitochondrial DNA (mtDNA) Content
Quantitative real-time RT-PCR was performed to determine the ratio of a mitochondrial gene to a nuclear gene and to examine the mtDNA content in each sample in accordance with previously described methods with some modifications [18, 19] . Mitochondrial NADH dehydrogenase subunit 1 (ND1) served as the mitochondrial mark, and platelet endothelial cell adhesion molecule-1 (PECAM-1) functioned as the nuclear reference mark (primer sequences in Table 1 ). Total DNA was extracted using a QIAamp DNA Mini kit in accordance with the manufacturer's instructions. A melting curve was obtained to ensure specific amplification, and the standard curve method was used for relative quantification. The ratio of mitochondrial ND1 to PECAM-1 was then calculated. Table 1 . List of primers used in the study.
Gene
Forward Primer (5 -3 ) Reverse Primer (5 -3 )
RNA Extraction and Semiquantitative RT-PCR
Total RNA was isolated from the skeletal muscle tissues of each mouse by using Trizol (Invitrogen, Carlsbad, CA, USA) and reverse transcribed with a Superscript II kit (Invitrogen) in accordance with the manufacturer's recommendation. Table 1 shows the forward (F) and reverse (R) primers of mouse genes. PCR was conducted under the following conditions: 10 min at 94 • C, 30-35 cycles at 94 • C (30 s), 55 • C (30 s), 72 • C (1 min), and 10 min of incubation at 72 • C. The mRNA levels were normalized to that of β-actin mRNA and quantified using the 2 −∆∆Ct method. 
Data and Statistical Analyses
Data were expressed as mean ± SEM. Differences in means were analyzed through one-way ANOVA. Significant level was set at p < 0.05 (two sided). Data were examined using SPSS 19.0 (Chicago, IL, USA).
Results

Characterization of SLN and RSV-SLN
TEM images showed that SLN and RSV-SLN were both spherical in shape with smooth surfaces ( Figure 1A,B ). The discrete spheres were solid particles and had no aggregations. SEM analysis showed the smooth surface and the spherical morphology of the prepared SLN ( Figure 1C ) and RSV-SLN ( Figure 1D ), and these findings were consistent with previous reports [20] . Figure 1E showed the equivalent mean hydrodynamic diameter of RSV-SLN was about 112.5 ± 10.3 nm with a narrow particle size distribution. Meanwhile, the zeta potential of RSV-SLN was −24.7 mV with a narrow polydispersity index (PDI = 0.36 ± 0.02) ( Figure 1F ). Data were expressed as mean ± SEM. Differences in means were analyzed through one-way ANOVA. Significant level was set at p < 0.05 (two sided). Data were examined using SPSS 19.0 (Chicago, IL, USA).
Results
Characterization of SLN and RSV-SLN
TEM images showed that SLN and RSV-SLN were both spherical in shape with smooth surfaces ( Figure 1A,B ). The discrete spheres were solid particles and had no aggregations. SEM analysis showed the smooth surface and the spherical morphology of the prepared SLN ( Figure 1C ) and RSV-SLN ( Figure 1D ), and these findings were consistent with previous reports [20] . Figure 1E showed the equivalent mean hydrodynamic diameter of RSV-SLN was about 112.5 ± 10.3 nm with a narrow particle size distribution. Meanwhile, the zeta potential of RSV-SLN was −24.7 mV with a narrow polydispersity index (PDI = 0.36 ± 0.02) ( Figure 1F ). 
X-Ray Diffraction Analysis of RSV-SLN
XRD studies were performed in order to characterize drug status inside the SLN. As shown in Figure 2 , the XRD pattern of the SLN showed the peaks at 2θ value of 21.55° and 24.05°. The diffraction pattern of pure RSV showed different peaks at 2θ value of 16.36°, 19.18°, 22.67°, 23.02°, and 27.67°, indicating highly crystalline nature structures. In addition, as for the XRD pattern of RSV-SLN, some similar characteristic peaks were also observed, which suggests that the RSV was present in crystalline state in SLN [14, 20] . 
XRD studies were performed in order to characterize drug status inside the SLN. As shown in Figure 2 , the XRD pattern of the SLN showed the peaks at 2θ value of 21.55 • and 24.05 • . The diffraction pattern of pure RSV showed different peaks at 2θ value of 16.36 • , 19.18 • , 22.67 • , 23.02 • , and 27.67 • , indicating highly crystalline nature structures. In addition, as for the XRD pattern of RSV-SLN, some Crystals 2019, 9, 559 6 of 15 similar characteristic peaks were also observed, which suggests that the RSV was present in crystalline state in SLN [14, 20] .
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Fourier-Transform Infrared Raman (FTIR) Spectroscopy of RSV-SLN
The FTIR spectra of RSV, RSV-SLN, and SLN ( Figure 3 ) displayed no peak shifting and no loss of RSV peaks. In the FT-IR spectra, pure RSV has characteristic peaks around 1587 cm −1 representing benzene skeleton vibration. Peaks seen around 830 cm −1 represent the bending vibration of C=C-H. The spectra of RSV-SLN showed a part of the functional characteristic peaks of RSV, probably because of RSV molecular dispersion or entrapment within SLN [16] . Moreover, no additional peaks were observed in the RSV-SLN spectra, indicating that the loading of RSV into SLN did not change the nature of SLN. Therefore, this study confirmed that no interaction occurred between RSV and the solid lipid component of SLN, indicating that RSV was compatible with SLN formulations; this finding was consistent with previous reports [21] . 
The FTIR spectra of RSV, RSV-SLN, and SLN ( Figure 3 ) displayed no peak shifting and no loss of RSV peaks. In the FT-IR spectra, pure RSV has characteristic peaks around 1587 cm −1 representing benzene skeleton vibration. Peaks seen around 830 cm −1 represent the bending vibration of C=C-H. The spectra of RSV-SLN showed a part of the functional characteristic peaks of RSV, probably because of RSV molecular dispersion or entrapment within SLN [16] . Moreover, no additional peaks were observed in the RSV-SLN spectra, indicating that the loading of RSV into SLN did not change the nature of SLN. Therefore, this study confirmed that no interaction occurred between RSV and the solid lipid component of SLN, indicating that RSV was compatible with SLN formulations; this finding was consistent with previous reports [21] .
Effect of RSV-SLN Supplementation on Endurance Performance and Muscle Energy Utilization
In this study, we observed the beneficial effects of RSV and RSV-SLN supplementation on excessive endurance exercise challenges and measured other biochemical indicators after 8 weeks of experimental intervention. The running distance to exhaustion significantly increased after RSV-SLN was administered ( Figure 4A ). The average exhaustive running distance of the EE + RSV-SLN group was 8617.78 m, which was longer by 28.7% than that of the EE group. These results suggested that RSV-SLN supplementation could effectively enhance endurance performance.
RSV-SLN group was 8617.78 m, which was longer by 28.7% than that of the EE group. These results suggested that RSV-SLN supplementation could effectively enhance endurance performance.
Muscle energy utilization is essential for endurance exercise performance [22] . As such, we evaluated the muscle energy utilization of RSV-SLN-supplemented mice by measuring their oxygen utilization ( Figure 4B ), CO2 generation ( Figure 4C ), and respiratory exchange ratio ( Figure 4D) . During low-moderate intensity exercise, the main energy source is fat. Consistent with this observation, our results showed that the RER decreased in the EE + RSV-SLN group. This result was accompanied by the enhancement of endurance exercise tolerance ( Figure 4A ). These data suggested that the amount of fat consumed by the mice with RSV-SLN supplementation was higher, and their dependence on lipid metabolism was greater than that of the EE controls because a lower RER typically reflects a substrate shift favoring fat metabolism. No significant difference was found in other indicators ( Figure 4E -G). 
Effect of RSV-SLN Supplementation on the Muscular Ultrastructural Changes of Mice that Underwent Excessive Endurance Exercise
Ultrastructural changes are shown in Figure 5A ,B. The muscle fibers in the SC group showed normal characteristics under TEM images. The M line and the Z line were arranged orderly, and the mitochondrion ridge was clearly observed ( Figure 5A ). After excessive endurance exercise was completed, the M line and the Z line were arranged disorderly, and the mitochondria were damaged, swollen, and vacuolized ( Figure 5B ). However, the damaged ultrastructure was significantly improved after RSV and RSV-SLN treatments, especially RSV-SLN, were administered. The disordered M and Z lines were relieved, and the number of morphologically normal mitochondria increased ( Figure 5C,D) . Muscle energy utilization is essential for endurance exercise performance [22] . As such, we evaluated the muscle energy utilization of RSV-SLN-supplemented mice by measuring their oxygen utilization ( Figure 4B ), CO 2 generation ( Figure 4C ), and respiratory exchange ratio ( Figure 4D) . During low-moderate intensity exercise, the main energy source is fat. Consistent with this observation, our results showed that the RER decreased in the EE + RSV-SLN group. This result was accompanied by the enhancement of endurance exercise tolerance ( Figure 4A ). These data suggested that the amount of fat consumed by the mice with RSV-SLN supplementation was higher, and their dependence on lipid metabolism was greater than that of the EE controls because a lower RER typically reflects a substrate shift favoring fat metabolism. No significant difference was found in other indicators ( Figure 4E -G).
Ultrastructural changes are shown in Figure 5A ,B. The muscle fibers in the SC group showed normal characteristics under TEM images. The M line and the Z line were arranged orderly, and the mitochondrion ridge was clearly observed ( Figure 5A ). After excessive endurance exercise was completed, the M line and the Z line were arranged disorderly, and the mitochondria were damaged, Crystals 2019, 9, 559 8 of 15 swollen, and vacuolized ( Figure 5B ). However, the damaged ultrastructure was significantly improved after RSV and RSV-SLN treatments, especially RSV-SLN, were administered. The disordered M and Z lines were relieved, and the number of morphologically normal mitochondria increased ( Figure 5C 
Effect of RSV-SLN Supplementation on Mitochondrial Function and Mitochondrial Long-Chain FA Translocase in Response to Excessive Endurance Exercise
We assume that, after RSV-SLN supplementation was administered, endurance performance was likely improved through the enhancement of mitochondrial function and mitochondrial long-chain FA translocase expression. As a result, energy insufficiency induced by long-term endurance exercise was alleviated. Enzymatic assays for mitochondrial respiratory chain complexes have been widely used to estimate mitochondrial function [23] . In our study, mitochondrial function was assessed by measuring the ATPase activity, Cyt c content, CS activity, and mRNA contents of mitochondrial complex IV (COX IV) and mitochondrial complex II (COX II) in the skeletal muscle tissue. Our results showed that long-term endurance exercise resulted in a decrease in the ATPase activity (p < 0.05), the CS activity (p < 0.05), and the transcription level of COX IV (p < 0.05) ( Figure  6A,B,D) , which induced an impairment in mitochondrial function. As expected, the CS activity and COX IV mRNA significantly increased after RSV-SLN was administered ( Figure 6B,D) , whereas the increase in the levels of ATPase activity, Cyt c content, and COX II mRNA was unnoticeable ( Figure  6A ,C,E). However, no changes in the mRNA levels of CPT-1M (a prominent isoform specific to skeletal muscle) and CD36 were observed in response to excessive exercise with or without RSV-SLN application (Figure 6F,G) . 
We assume that, after RSV-SLN supplementation was administered, endurance performance was likely improved through the enhancement of mitochondrial function and mitochondrial long-chain FA translocase expression. As a result, energy insufficiency induced by long-term endurance exercise was alleviated. Enzymatic assays for mitochondrial respiratory chain complexes have been widely used to estimate mitochondrial function [23] . In our study, mitochondrial function was assessed by measuring the ATPase activity, Cyt c content, CS activity, and mRNA contents of mitochondrial complex IV (COX IV) and mitochondrial complex II (COX II) in the skeletal muscle tissue. Our results showed that long-term endurance exercise resulted in a decrease in the ATPase activity (p < 0.05), the CS activity (p < 0.05), and the transcription level of COX IV (p < 0.05) ( Figure 6A,B,D) , which induced an impairment in mitochondrial function. As expected, the CS activity and COX IV mRNA significantly increased after RSV-SLN was administered ( Figure 6B,D) , whereas the increase in the levels of ATPase activity, Cyt c content, and COX II mRNA was unnoticeable ( Figure 6A ,C,E). However, no changes in the mRNA levels of CPT-1M (a prominent isoform specific to skeletal muscle) and CD36 were observed in response to excessive exercise with or without RSV-SLN application (Figure 6F 
Effect of RSV-SLN Supplementation on Mitochondrial QC in Response to Excessive Endurance Exercise
The above results prompted us to explore the molecular mechanism involved in the amelioration of mitochondrial function through RSV-SLN supplementation in response to excessive endurance exercise. The healthy mitochondrial population is dynamic, and it shows a variable turnover rate in an active transcriptional process that links mitochondrial biogenesis to the degradation of damaged and senescent mitochondria via mitophagy [24] . Mitochondrial biogenesis and mitophagy were investigated to address mitochondrial function via the stimulation of the mitochondrial QC. Our results indicated that the mitochondrial DNA copy number decreased in mice that were subjected to excessive endurance exercise ( Figure 7A ), and this observation was consistent with the results on CS activity.
The activity of CS is a marker of mitochondrial content [25] . Furthermore, we measured the peroxisome proliferator receptor gamma coactivator-1 alpha (PGC-1α), which is the main regulator of mitochondrial biogenesis, and its downstream transcription factors, namely, mitochondrial transcription factor A (Tfam) and nuclear respiratory factor 1 (NRF-1). Interestingly, the mRNA levels of PGC-1α, Tfam, and NRF-1 were significantly upregulated ( Figure 7B -D) and incompatible with mtDNA content. As such, we aimed to explore the status of mitophagy. Consequently, we found that excessive endurance exercise significantly increased the expression levels of genes, including Bcl-2/adenovirus E1B 19 kD-interacting protein 3 (Bnip3), and Beclin-1, involved in mitophagy ( Figure 7E,F) . These results indicated that the increase in mitophagy, but not the suppression of mitochondrial biogenesis, resulted in the reduced mitochondrial content.
In accordance with the above observations, the mtDNA content of the mice exhausted through exercise following RSV-SLN administration increased ( Figure 7A ). Consistent with the increased abundance of mitochondria, the transcript levels of PGC-1α and Tfam were significantly higher in the 
The activity of CS is a marker of mitochondrial content [25] . Furthermore, we measured the peroxisome proliferator receptor gamma coactivator-1 alpha (PGC-1α), which is the main regulator of mitochondrial biogenesis, and its downstream transcription factors, namely, mitochondrial transcription factor A (Tfam) and nuclear respiratory factor 1 (NRF-1). Interestingly, the mRNA levels of PGC-1α, Tfam, and NRF-1 were significantly upregulated ( Figure 7B -D) and incompatible with mtDNA content. As such, we aimed to explore the status of mitophagy. Consequently, we found that excessive endurance exercise significantly increased the expression levels of genes, including Bcl-2/adenovirus E1B 19 kD-interacting protein 3 (Bnip3), and Beclin-1, involved in mitophagy ( Figure 7E,F) . These results indicated that the increase in mitophagy, but not the suppression of mitochondrial biogenesis, resulted in the reduced mitochondrial content. levels of Bnip3 and Beclin-1 or the mitophagic receptor NIP3-like protein X (NIX) in the skeletal muscle compared with those in the EE group, indicating that the increase in mitochondrial biogenesis contributed to the reversal of the mtDNA content but not to mitophagy. Altogether, our results implied a precise control between the production of functional mitochondria and the selective elimination of dysfunctional ones via RSV-SLN supplementation in mice that were subjected to excessive endurance exercise. 
Discussion
In recent years, nanomaterials have been more used as drug delivery to improve their availability and efficiency. For instance, solid lipid nanoparticles have been introduced as an attractive alternative to traditional drug delivery systems. They are composed of physiological lipids and present many potential advantages, such as low toxicity, targeting ability, and bioavailability.
In this study, RSV-SLN was successfully prepared by emulsification and low-temperature solidification method. As observed via TEM and SEM, the RSV-SLN was spherical in shape with a narrow distribution. The mean particle size of RSV-SLNs with a nominal hydrodynamic diameter were about 112.5 ± 10.3 nm. The particle size with 100 nm range could improve cellular drug uptake and retention. The particle size measured by PCS was larger than those estimated by TEM. This is because PCS is used for hydrodynamic diameter examination, while TEM is used for characterization of particles in dried states. The zeta potential of RSV-SLN was −24.7 mV, which could avoid the aggregation and keep the system a good physical dispersion. The XRD and FTIR spectra of the RSV-SLN revealed the drug status in the SLN, which confirmed that the RSV drug retained its chemical properties and successfully encapsulated in the SLN. In accordance with the above observations, the mtDNA content of the mice exhausted through exercise following RSV-SLN administration increased ( Figure 7A ). Consistent with the increased abundance of mitochondria, the transcript levels of PGC-1α and Tfam were significantly higher in the EE + RSV-SLN group than in the EE group. However, no changes were found in the transcription levels of Bnip3 and Beclin-1 or the mitophagic receptor NIP3-like protein X (NIX) in the skeletal muscle compared with those in the EE group, indicating that the increase in mitochondrial biogenesis contributed to the reversal of the mtDNA content but not to mitophagy. Altogether, our results implied a precise control between the production of functional mitochondria and the selective elimination of dysfunctional ones via RSV-SLN supplementation in mice that were subjected to excessive endurance exercise.
In this study, RSV-SLN was successfully prepared by emulsification and low-temperature solidification method. As observed via TEM and SEM, the RSV-SLN was spherical in shape with a narrow distribution. The mean particle size of RSV-SLNs with a nominal hydrodynamic diameter were about 112.5 ± 10.3 nm. The particle size with 100 nm range could improve cellular drug uptake and retention. The particle size measured by PCS was larger than those estimated by TEM. This is because PCS is used for hydrodynamic diameter examination, while TEM is used for characterization of particles in dried states. The zeta potential of RSV-SLN was −24.7 mV, which could avoid the aggregation and keep the system a good physical dispersion. The XRD and FTIR spectra of the RSV-SLN revealed the drug status in the SLN, which confirmed that the RSV drug retained its chemical properties and successfully encapsulated in the SLN.
Exhaustive exercise produces physical stress, which transiently disrupts homeostasis [26] , and the working skeletal muscles are the most directly affected organ during physical activity [27] . Excessive exercise can cause excessive accumulation of reactive oxygen species (ROS), which may lead to the imbalance between oxidative intermediates and antioxidant systems, and develop oxidative stress in muscles [28, 29] . Some nutrients can limit mitochondrial ROS generation and relieve severe oxidative stress [3] . Effective ROS scavengers not only reduce mitochondrial damage but also interfere with the redox signaling involved in mitochondrial quality control. Therefore, scientists have been trying to investigate natural antioxidant extracts to relieve excessive oxidative damage induced by exercise and improve mitochondrial function.
RSV has been widely explored because of the discovery of antioxidant effects [30] . RSV protects mitochondrial function and mass against stress-induced oxidative damage [31] . However, its pharmacokinetic properties are unfavorable. Thus, incorporating RSV into nano formulation may be a useful and viable approach. As it is reported, RSV-SLN can display a sustained release effect, which will help to improve the practical delivery of RSV [16] . RSV molecules are highly stable when they are entrapped in SLN, thereby protecting RSV from degradation in biochemical reactions [32] . Additionally, the potential penetrating ability and cell uptake capacity of RSV-SLN affect the tissue accumulation of RSV that may be responsible for the effects of RSV-SLN in muscle tissue [15] . We mainly explored the improved protective effects and underlying mechanism of RSV-SLN on endurance performance and focused on the mitochondrial QC process. Our results showed that RSV-SLN applications significantly extended the running distance as a duration performance indicator. The three possibilities were as follows: first, RSV-SLN supplementation contributed to a substrate shift in favor of fat metabolism, which may be conducive to long-term energy that supplies working muscles. Second, RSV-SLN, as mitochondrial nutrition supplementation, can improve mitochondrial function through the indicators of ATPase and CS activity, thereby protecting against energy insufficiency during prolonged endurance exercise; this finding also agreed with our previous findings [33] . Finally, the application of RSV-SLN enhanced mitochondrial quality and quantity to match the increased energy requirements during long-term endurance exercise.
High mitochondrial content is closely related to endurance performance and muscular oxidative capacity. This study showed that RSV-SLN administration could reverse the decrease in the mtDNA content in response to excessive endurance exercise, and this decrease was parallel to CS activity and COX IV mRNA levels. Studies have indicated that the number of mitochondria is maintained through mitochondrial biogenesis and autophagy [34] . Once this cycle is disrupted, cells not only become susceptible to loss of energy regulation but also become subjected to oxidative damage secondary to dysfunctional mitochondria. However, the underlying role of RSV-SLN in improving the number of mitochondria during prolonged endurance exercise remains unclear.
A relatively small number of DNA-binding transcriptional regulators, such as PGC-1α, NRF-1, and Tfam, are essential for mitochondrial biogenesis [35] . Other studies have indicated that RSV administration can upregulate mitochondrial biogenesis by increasing PGC-1α expression levels [33] . Similarly, despite the exhaustive training, RSV-SLN supplementation could still be positive and cause an increase in the mRNA expression levels of the upstream markers of mitochondrial biogenesis (PGC-1α and Tfam) and downstream targets (CS and COX IV). Interestingly, in the EE group, the increase in the mRNA expression of mitochondrial proliferation regulators did not translate into an increase in mtDNA. The cause of these changes might be related to the aggravation of mitochondrial damage and mitophagy. Thus, mitophagy was often regarded as another center mechanism of mitochondrial quality and quantity control. Different mitophagy effectors, including the mitophagy receptors NIX, Bnip3, and PINK1/Parkin pathway, are involved in the selective clearance of mitochondria [36, 37] . Bnip3 is an important mitochondrial redox sensor, which leads to cell death when cells are subjected to severe oxidative stress [38] . Under conditions such as hypoxia, Bnip3 and NIX may interact with Bcl-2 and release Beclin-1, resulting in the autophagic removal of mitochondria [36] . Our study showed that the transcriptional levels of Bnip3 and Beclin-1 were obviously upregulated in EE mice, suggesting that mitophagy that is induced by long-term endurance exercise might be dependent on the Bnip3/Beclin-1 pathway. We also observed a robust increase in the mRNA expression levels of Bnip3 and Beclin-1 after RSV or RSV-SLN supplementation when the mice were subjected to excessive exercise, indicating that RSV and RSV-SLN applications contributed to the clearing of damaged mitochondria. Taken together, our data demonstrated that the integration of mitochondrial biogenesis and mitophagy might be necessary to maintain energy supply during excessive endurance exercise; moreover, RSV-SLN could also partially relieve the exhaustive-exercise-induced mitochondrial response in vivo. Thus, we propose the probable mechanism as follows: first, drugs loaded in nanoparticle carriers can improve cellular drug uptake and retention via endocytosis in the cell membrane [39] . Second, the nanoparticle system may target mitochondrial sites via passive or active mechanisms that likely improve mitochondrial function [40] . Overall, we provided a novel perspective of RSV nanomaterial supplementation in improving endurance performance through a mitochondrion-mediated pathway (Figure 8 ). Bnip3/Beclin-1 pathway. We also observed a robust increase in the mRNA expression levels of Bnip3 and Beclin-1 after RSV or RSV-SLN supplementation when the mice were subjected to excessive exercise, indicating that RSV and RSV-SLN applications contributed to the clearing of damaged mitochondria. Taken together, our data demonstrated that the integration of mitochondrial biogenesis and mitophagy might be necessary to maintain energy supply during excessive endurance exercise; moreover, RSV-SLN could also partially relieve the exhaustive-exercise-induced mitochondrial response in vivo. Thus, we propose the probable mechanism as follows: first, drugs loaded in nanoparticle carriers can improve cellular drug uptake and retention via endocytosis in the cell membrane [39] . Second, the nanoparticle system may target mitochondrial sites via passive or active mechanisms that likely improve mitochondrial function [40] . Overall, we provided a novel perspective of RSV nanomaterial supplementation in improving endurance performance through a mitochondrion-mediated pathway (Figure 8) . Figure 8 . Schematic shows the mechanisms underlying RSV-SLNs to improve endurance performance by modulating mitochondrial quality control. RSV-SLNs were prepared through emulsification and low-temperature solidification. Results indicated that RSV-SLNs were superior to RSV because permeability and retention of the former were better than those of the latter. The possible biological mechanism is as follows: RSV-SLNs, as mitochondrial nutrients, can alleviate excessive endurance exercise-produced mitochondrial stress and improve mitochondrial function by ameliorating mitochondrial QC, thereby enhancing endurance performance and fatigue recovery.
Conclusions
In summary, we revealed that an exhausting endurance exercise induces a decrease in mitochondrial quantity and quality through an imbalance between mitochondrial biogenesis and mitophagy, thereby impairing mitochondrial function. In turn, this impaired mitochondrial function leads to an insufficient energy supply. However, RSV-SLN administration might enhance mitochondrial function by ameliorating mitochondrial QC, thereby improving endurance performance, which was superior to RSV application. These results revealed an unexpected role for Figure 8 . Schematic shows the mechanisms underlying RSV-SLNs to improve endurance performance by modulating mitochondrial quality control. RSV-SLNs were prepared through emulsification and low-temperature solidification. Results indicated that RSV-SLNs were superior to RSV because permeability and retention of the former were better than those of the latter. The possible biological mechanism is as follows: RSV-SLNs, as mitochondrial nutrients, can alleviate excessive endurance exercise-produced mitochondrial stress and improve mitochondrial function by ameliorating mitochondrial QC, thereby enhancing endurance performance and fatigue recovery.
In summary, we revealed that an exhausting endurance exercise induces a decrease in mitochondrial quantity and quality through an imbalance between mitochondrial biogenesis and mitophagy, thereby impairing mitochondrial function. In turn, this impaired mitochondrial function leads to an insufficient energy supply. However, RSV-SLN administration might enhance mitochondrial function by ameliorating mitochondrial QC, thereby improving endurance performance, which was superior to RSV application. These results revealed an unexpected role for RSV-SLN compared with RSV in terms of linking nutrient deprivation to mitochondrial oxidant production through mitochondrial QC; moreover, a possible mechanism involved in improving endurance performance was identified. This study highlighted new possibilities for anti-physical-fatigue strategies. 
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